Summary. The magnitude and direction of the lipolytic and ketogenic responses following exogenous glucagon administration is controversial and consideration of the possible role of endogenous insulin secretion upon these events has not been clarified. The present study examines the role of endogenous insulin secretion in modulating the net lipolytic and ketogenic activity of glucagon. Three groups characterized by different levels of endogenous insulin secretory capacity were studied. In all three groups, the responses in plasma insulin, betahydroxybutyrate, and free fatty acids were observed following bolus administration of 1.0 Fg/kg glucagon. In the obese subjects with increased endogenous insulin secretion, glucagon administration resulted in a decline below basal levels of both free fatty acid and betahydroxybutyrate. In the diabetic subjects with no demonstrable endogenous insulin secretion, glucagon administration was followed by a rise in plasma free fatty acids and an exaggerated rise in plasma betahydroxybutyrate. The normal control group exhibited a response in betahydroxybutyrate midway between the obese and diabetic groups. These observations support the thesis that the magnitude of endogenous insulin secretion modulates the lipolytic and ketogenic actions of glucagon in man.
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A contribution by glucagon to the hyperglycemia of diabetes mellitus has recently been reported [1] . Moreover, recent reports [24] support a role for this hormone in the associated problem of ketosis and ketoacidosis. Since the plasma concentration of ketone bodies is a reflection of both hepatic production and peripheral utilization, glucagon may exert an effect at either, or both, of these sites. In vivo studies have demonstrated that glucagon augments hepatic ketogenesis in insulin deficient man, but whether this augmentation occurs directly at the hepatocyte or indirectly by increasing free fatty acid (FFA) substrate availability from the adipocyte is unresolved. This augmentation has not been demonstrated in nondiabetic man, where an apparent decline in hepatic ketogenesis and peripheral plasma ketone body concentration has been observed [5, 6] . An effect of glucagon on peripheral ketone body disposal has not been reported.
The hepatic production of ketone bodies is determined, in part, by both the availability of free fatty acid substrate [7] and the intrinsic ketogenic "set" of the liver [8] . Since insulin suppresses both of these determinants and may enhance peripheral ketone body utilization [9] , the endogenous secretion of insulin in response to glucagon stimulation could modu-late the net ketogenic response to glucagon in man. Thus, the presence of endogenous insulin secretion could explain the absent ketogenic response to glucagon in non-diabetic man as compared to insulin deficient, diabetic man. In order to evaluate this possibility, we have examined the ketogenic response to a pharmacological dosage of glucagon in three groups of humans characterized by different levels of endogenous insulin secretion: 1. An obese non-diabetic group with elevated endogenous insulin secretion; 2. A normal weight non-diabetic groups with normal endogenous insulin secretion; and 3. A normal weight insulin deficient diabetic group with no endogenous insulin secretion. Utilizing this approach, we have assessed the importance of the antiketogenic actions of insulin upon glucagon stimulated ketosis.
Material and Methods
The characteristics of the three groups of subjects studied are given in Table 1 . In each subject, the presence or absence of diabetes mellitus and the magnitude of endogenous insulin secretion was established by the change in plasma glucose and insulin concentration after a standard 100 g oral glucose tolerance test. Diabetes was defined by utilizing the U.G.D.P. criteria [10] . Group I consisted of previously reported [11] non-diabetic obese patients with ele- 349+42 ~tU/ml 123_+21 gU/ml a Oral glucose tolerance tests were not performed on the insulin requiring diabetic subjects. Instead, an acute ten gram glucose bolus was administered intravenously and serial blood samples for insulin and glucose were drawn during the subsequent twenty minutes. At five minutes post-injection, maximal increase of glucose above basal values was obtained (71+ 8 mg/dl) and no insulin secretion could be demonstrated (0+3 gU/ml) vated endogenous insulin secretion; Group II consisted of non-diabetic normal weight subjects with normal endogenous insulin secretion, and Group III were normal weight insulin dependent diabetics with no endogenous, glucose stimulated insulin secretion, measured following removal of endogenous insulin antibody with polyethylene glycol [12] .
All tests were conducted at 7 : 00 a.m. after a 12 hours ovemight fast. Each subject assumed the supine position for 20 min prior to blood sampling and maintained this position throughout the test period. Glucagon was obtained from Eli Lilly & Co. (Indianapolis, Indiana) in 1 mg vials and diluted with 250 ml of isotonic saline to obtain a final concentration of 4 ~tg/ml. Minimal insulin (< 20 ~tU/ml) by radioimmunoassay was present in this final dilution. On separate days, subjects were tested with either an intravenous control saline injection or an intravenous glucagon injection at a pharmacological dosage of 1.0 ~tg/kg. Thus, the glucagon dosage was administered on the basis of body weight, such that obese subjects received a proportionally greater amount of hormone than did normal weight subjects. The solutions were drawn into a plastic syringe and injected over a ten second period. To avoid loss of glucagon by nonspecific adherence, the syringe was rinsed and reinjected three times with venous blood obtained retrograde from the patient's vein immediately after hormone injection.
An 18 gauge needle was placed in the antecubital vein of the contralateral arm and patency was maintained by a slow drip of isotonic saline. All blood Samples were withdrawn from this vein after discarding the initial 3 ml of blood. Samples were withdrawn at the following times: 0 (just prior to injection), +2, +5, +10, +15, and +20 minpost-injection of glucagon, and assayed for insulin, betahydroxybutyrate 1 (BOH) and free fatty acids (FFA), as previously described [13] .
Prior to insulin assay, plasma from the diabetic patients was treated with 25% polyethylene glycol to remove endogenous antibody [12] . As reported in detail by Nakagawa et al. [12] , and confirmed in our laboratory, this allows the determination of free insulin in the sera of insulin-treated diabetics in which varying amounts of anti-insulin antibody may be present. Over a range of insulin concentration from 10-1000 ~tU/ml, a recovery of 76 _+ 6% was observed. The effect of glucagon upon the concentration of plasma metabolites was calculated as the change post glucagon compared to the baseline value obtained immediately prior to the experimental injection. Statistical evaluation was performed as described by Bahn [14] , and the significance of the difference between populations means was calculated by use of Student's "t" test for nonpaired samples [14] . 1 
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Results
Plasma Insulin Secretion ~U/ml (Fig. 1 
-Upper Third) Mean + SEM
As depicted in the upper third of Fig. 1 , the magnitude of the change in plasma insulin secretion following glucagon stimulation was greatest in the obese group, intermediate in the normal group, and absent in the diabetic group. This order of insulin response was similar to that observed following the glucose tolerance test (Table 1 ). Compared to the integrated insulin response in the normal group (273 + 53 gU/ml -min), the obese subjects hypersecreted insulin after exogenous glucagon administration (1008 ___ 277 ~tU/ml. min)p< 0.01. In contrast to both Changes from basal level in the plasma concentration of insulin, betahydroxybutyrate, and free fatty acid following exogenous bolus glucagon administration (1.0 ~tg/kg). The response in the obese, normal, and diabetic populations are depicted in the first, second, and third columns respectively the obese group and the normal group, no statistically significant rise in plasma insulin could be detected in any diabetic subject (11 _+ 11 ~tU/ml 9 rain). Therefore, as expected from their clinical status, the endogenous insulin secretion after both glucose and glucagon stimuli was greatest for Group I, intermediate in Group II, and absent in Group III.
Plasma Betahydroxybutyrate Response ~mol/L (Fig. 1 -Middle Third)
After glucagon stimulation, all subjects demonstrated a change in plasma BOH concentration. However, although all subjects received the same stimulatory dose of glucagon on a weight basis (1.0 ~g/kg), the response of BOH differed significantly in each group (p < 0.01) and was inversely related to the magnitude of the change in plasma insulin concentration shown in the top panel of Fig. 1 . The change in plasma BOH in the obese group with maximal endogenous insulin secretion was actually a reduction in ketone concentration, contrasting with the normal and insulin deficient group both of which demonstrated a rise in ketone concentration. The integrated area of the BOH response in the obese subjects (-360 + 370 ~mol/L 9 rain) was significantly less than that observed in the normal subjects (+738 + 108 ~tmol/L 9 min) p < 0.01. In addition, the integrated area of the normal group (+ 738 + 108 ~tmol/L : rain) was significantly less than that of the diabetic population (4349 +1103 ~M/L-min) p < 0.01. These data suggest that endogenous insulin secretion modulates the ketogenic response to exogenous glucagon injection and, when excessive, can suppress plasma ketone bodies below basal values as observed in the obese subjects.
Plasma Free Fatty Acid l2M/L -Fig. 1 -Lower Third)
Although insulin is known to inhibit peripheral lipolysis, resulting in a reduction in plasma FFA concentration, the change in plasma FFA concentration following glucagon injection was not statistically different between the normal and insulin deficient groups (p < 0.05). Thus, the mean integrated area defining the rise in plasma FFA in the normal group (2034 _+ 145 ~tmol/L 9 min) did not differ statistically from the mean integrated area of the diabetic group (1998 + 638 ~tmol/L 9 min). These responses contrasted with the unexpected reduction in FFA in response to glucagon in the obese group (-1438 _+ 1239 bmol/L 9 min); this was significantly lower than that observed in the normal and diabetic groups p < 0.01.
Discussion
Our results suggest that pharmacological dosages of glucagon elevate plasma ketones in non-obese man and that this elevation is inversely related to the magnitude of endogenous insulin secretion. The greatest increase in plasma betahydroxybutyrate concentration following glucagon administration was observed in the insulin deficient diabetic group, with no demonstrable endogenous insulin secretion. In contrast, an actual decrease in plasma BOH was observed following glucagon injection in the hyperinsulinemic obese group suggesting that the antiketotic action of the hypersecreted endogenous insulin obscured the ketotic effects of glucagon. There are two possible sites at which insulin might negate the ketogenic action Of glucagon: 1. at the adipocyte and/or 2. at the hepatocyte. At the adipocyte glucagon has been demonstrated to be lipolytic both in vitro [15] and in vivo [16] ; this lipolytic action is antagonized by insulin [17] . Whether the lipolytic action of glucagon is a direct action of this hormone on the adipocyte or is secondary to a glucagon induced release of epinephrine [18] is not resolved by our study. In any event, since hepatic ketogenesis is proportional to the plasma concentration of free fatty acid substrate [7] , glucagon's lipolytic action would be expected to result in enhanced hepatic ketogenesis. In the obese group, the administration of glucagon resulted in hypersecretion of insulin and a net antilipolytic response, suggesting that insulin antagonized the lipolytic effects of glucagon at the adipocyte with a net reduction in ketogenesis. In contrast to the insulin excess obese group, a lipolytic response was observed in both our normal control group and our insulin deficient group and undoubtedly contributed to the increase in plasma ketone body concentration. However, hormonal regulation exclusively at the adipocyte cannot explain the greater rise in plasma ketones in the diabetic patients compared with the normal subjects. In these two groups, an indistinguishable rise in FFA was associated with a greatly different rise in BOH, suggesting hormonal regulation at additional sites.
At the hepatocyte, betahydroxybutyrate is produced in the mitochondria by oxidation of these FFA [19] . In the fasting state, the majority of this FFA is derived from lipolysis of adipose tissue triglyceride [20] . After mitochondrial production, BOH is released into the circulation via the hepatic vein and utilized for oxidation by peripheral tissues [21] . The rate of hepatic ketogenesis is influenced by multiple factors, including availability of FFA substrate, concentration of hepatocyte gluconeogenic substrates, hepatic enzymatic activity, and hormonal concentrations, particularly insulin and glucagon [8] . In the isolated perfused rat liver, Heimberg et al. [7[ demon- strated that glucagon stimulated ketogenesis at all concentrations of free fatty acid up to 1.5 mM. Moreover, in a similar system, insulin has been shown to inhibit hepatic ketogenesis [22] . Parilla et al. [23] , have simultaneously examined the effects of both hormones in the perfused rat liver and have suggested that the molar ratio of glucagon to insulin may determine the net metabolic "set" of the liver. Our results are consistent with the modulation of hepatic ketogenesis by glucagon and insulin at the hepatocyte. The greater rise in BOH concentration in the insulin deficient diabetics than in the normal subjects, in spite of a similar rise in FFA substrate, suggests that the ketogenic action of glucagon is more pronounced when unopposed by the antiketogenic effects of endogenous insulin secretion. It should be noted that the other major plasma ketone body, acetoacetate, has not been measured in our studies. It is possible that a shift in the ratio of these ketone bodies could influence the interpretation of our data.
Since the plasma metabolite concentration is determined by the balance between production and utilization, any alteration in peripheral utilization of betahydroxybutyrate during this study might be reflected in changes in the plasma concentration of this substrate. Insulin has been reported to enhance peripheral utilization of ketone bodies when administered to both the diabetic rat [24] and the diabetic dog [9] . No direct studies are available on the effects of glucagon on ketone body utilization. However, during fasting, a state characterized by increased glucagon secretion and decreased insulin secretion, the peripheral clearance of both acetoacetate [25] and betahydrdxybutyrate [26] is significantly prolonged. In our study, the elevated plasma insulin levels of the obese population could effect a net reduction in plasma ketones by augmenting peripheral ketone clearance as well as by inhibiting lipolysis and altering hepatocyte conversion to ketones. Similarly, the reduced level of insulin in the diabetic population could result in reduced ketone clearance, contributing to the large increase in plasma ketones following glucagon administration. Thus, the endogenous secretion of insulin may be implicated in modulating the net ketone responses to exogenous glucagon in man whether it be at the adipocyte, hepatocyte, or peripheral tissues.
In summary, our studies suggest that glucagon is ketogenic in man and may be particularly important in the pathogenesis of diabetic ketosis in which both increased endogenous glucag0n and decreased endogenous insulin is characteristic [1] . Based on our observations that the magnitude of the ketogenic response to glucagon is inversely related to the endogenous insulin secretory capacity, this hormonal derangement in insulin deficient diabetics would result in greatly augmented plasma ketone body concentration. Thus, rational therapy for ketoacidosis might include both suppression of endogenous glucagon and supplementation of endogenous insulin secretion.
